Summary: Comparative morphological and morphometric studies of the motor trigeminal nucleus (MTN) were carried out on the brains of an alligator, a human being and a rat for the first time. Differences in neurons regarding sizes, areas, numbers, column volumes, neuropil indices and circularity ratios were found. The results showed that the positions and shapes of the MTN were different, and the shapes of motor neurons were different, too. The average area of motor trigeminal neurons was the largest in the alligator, compared with the area in the human being, and the rat; the number of neurons and the column volume of MTN were the largest in the human being. As for the neuropil indices, the value was in descending order: alligator, human being and rat; whereas for the circularity ratio of neuronal cell bodies, the order was: rat, alligator, and human being. We concluded that the size of motor neurons in the MTN may be related to the power of masticatory muscles, and there may be a connection between jaw sizes and shapes and sizes of the motor neurons in the MTN.
The motor trigeminal nucleus (MTN), which supplies motor fibres to the masticatory muscles responsible for controlling the closing and opening movement of the jaw, is an oval column of somatotopically organised cells (Palkovits & Brownstein, 1988) , and consists of large motor neurons in the human being Mogoseanu et al., 1993; Palkovits & Brownstein, 1988) .
There have been reports about the human brainstem nuclei studied by morphometric method (Konigmark & Murphy, 1972; Moatamed, 1966; Monagle, 1974; Tomasch & Etemadi, 1962 ) and a few comparative studies concerning the motor neuron organization of the MTN in rats , as well as a morphometric study of the MTN in developing human brain (Hamano et al., 1988) .
In this study, we checked whether there were any morphological and morphometrical differences of the MTN among various animals including humans in relation to different jaw sizes. We chose the alligator, the human being and the rat as large, medium and small jaw samples. The position of the MTN innervating masticatory muscles is considered to be practically the same in various animals such as rats (Card et al., 1986; Limwongse & DeSantis, 1977; Mogoseanu et al., 1993; Weijs et al., 1993) , cats (Mizuno et al., 1975) , guinea pigs (Hecht et al., 1993; Uemura et al., 1982) , rabbits (Matsuda et al., 1978) and macaque monkeys (Mizuno et al., 1981) , although there might be slight differences in the MTN depending on the animal considered. No data, however, have been included in the literature concerning the morphometric analysis of neurons in the MTN from a comparative point of view. With the help of an image-analyzer and a computer, it is possible to get detailed data about nuclei of the brain stem. In this study the areas of neuronal cells of the MTN in the alligator, the human being and the rat were carefully measured. The relationship between jaw size and neuronal size of the MTN is discussed.
Material and Methods
The brains used in this study were as follows: a human being (63-year-old woman), an American alligator (alligator mississippiensis) and a rat (Wistar strain). The brains were fixed by the two-step method described by Goto (1987) : after they were fixed with 10% formalin, the whole brain (alligator and rat) or the brainstemand cerebellum (human) were directly transferred into the secondary fixative, a mixture of 5% potassium dichromate and 5% potassium chromate (1:4 in volume). They were kept there for three weeks (two weeks at room temperature and another week at 37°C).
The brains were embedded in celloidin after washing in running water and dehydration with graded alcohol. The celloidin block of the human brain was transversely sliced into 40 gm thick serial sections, and those of the alligator and the rat brains into 30 pm thick serial sections. All sections were numbered with India ink. Every tenth section was stained with Kliiver-Barrera method, and another series of every tenth section with LPH triple stain introduced by Goto (1987) .
The orocaudal columnar length of the MTN was determined from the number of sections. For the measurement of neuronal numbers, perimeters, circularity ratios, areas of neurons of the MTN and nuclear columnar areas of the MTN, a combination of a microscope, drawing tube (or camera lucida), electronic optical planimeter (Digitizer KC3300, Graphtec Co.), and computer (PC-9801VX2, NEC) were adopted with the use of a self-programmed measuring and calculating software. The neuronal soma was measured using cell sections with a distinct nucleolus in the nucleus. All neurons in both the right and left columns of the MTN in the selected sections were measured as mentioned above. The volume of nuclear columns was calculated from the columnar length and mean columnar area. The neuropil index (NI) was calculated as follows:
(total columnar areatotal neuronal area) x 10n NI = (n=3). neuronal number In our specimens, the neurons were clearly distinguished from glia.
Results

The morphology of MTN neurons
The cytoarchitectonic morphology of the MTN of the alligator, rat and human being was carefully examined. The MTN of the alligator, was irregular in shape at the transverse sections. It contained large size motor neurons scattered in the nucleus. Most of the large neurons appeared polymorphous (e.g. pyramid-like or multipolar in shape) and were located near the fourth ventricle (Fig. 1 a) . The neurons of the MTN in the alligator contained a large amount of elongated, rodlike and coarse Nissl bodies (Fig. 1b) . The MTN in the human being appeared oval at the transverse sections and consisted of rather large motor neurons (Fig. 2a) . The neuronal cell density in the human being was higher than in the alligator but lower than in the rat. The motor neurons in the human being were polymorphous and scattered in the MTN. The Nissl bodies in the neuron were coarse, short and rodlike (Fig. 2b) . The MTN in the rat appeared circular at the transverse sections with the neurons closely packed together. Neuronal sizes and shapes did not show marked differences (Fig. 3a) . The motor trigeminal neurons in the rat were much smaller than those in the alligator or the human being. The neuronal cells were oval, round or pyramid-like in shape. The Nissl bodies in the rat were much finer and denser than in the alligator or the human being (Fig. 3b) . The neuronal density in the rat was higher than in the alligator or the human being.
Lengths and Volumes of the MTN
There was a slight difference between the right and the left regarding the orocaudal lengths and volumes of the MTN in the alligator. The lengths and volumes of the MTN in the alligator, human being and rat are listed in Table 1 .
Neuronal Numbers of the MTN
The neuronal number of the MTN was practically the same on both sides in the rat and in the human being, but slightly different in the alligator. The total numbers of motor neurons are shown in Table 2 . The number for the human being was five times that of the alligator or the rat.
Distribution of Neuronal Areas of the MTN
The neuronal size was very large in the alligator. The mean value of neuronal areas was in the order of: alligator, human, and rat ( Table 2 ). The neurons were classified into three types according to size: large, medium, and small. The criteria were: more than 1.5 times the mean value for large size, and less than the mean Table 1 . Orocaudal lengths and volumes of MTN The results are given in Table 3 . The composition of neuronal size was similar in the human being and the rat. There was, however, a difference between the alligator and the other two. In the alligator, most of the neuronal areas ranged from 200 to 1800 gm2, the most common value being 400 lim2 (Fig. 4) . In the human being, most of the neuronal areas ranged from 400 to 1400m2, with the most common value at 800 gm2 ( Fig. 5 ). There were two peaks of neuronal areas in the rat, at 200 and 600 pin2 (Fig. 6 ).
Neuropil Indices and Circularity Ratios Neuropils of the MTN were assessed by means of the neuropil index (NI). The NI of the MTN was 47.48 in the alligator, 14.60 in the human being and 4.80 in the rat. The circularity ratio was 0.66 in the alligator, 0.40 in the human being and 0.81 in the rat (Table 4) .
Discussion
There have been so far no comparative studies regarding the MTN of the alligator, the human being and the rat. In this study it was examined from the morphological and morphometric view points using a microscope equipped with a drawing tube, and an electronic planimeter combined with a computer.
Generally speaking, morphometric studies are best and most accurately conducted from samples kept in conditions as close as possible to living conditions. But the morphometric approach cannot usually avoid various errors, e.g. due to tissue shrinkage. For instance, the shrinkage of brain tissue embedded in paraffin may rangefrom 26 to 53% depending on the different fixatives used (Blinkov & Glezer, 1968) . Such degree of shrinkage is obviously not suitable for a morphometric study. The celloidin embedding method after the secondary fixation containing chromic acids adopted in this study was meant to reduce the tissue shrinkage to a minimum, as it is usually satisfactory from the view points of the staining quality and the shrinkage ratio about 10% (Fujii et al., 1990; Goto, 1987; Goto & Kaneko, 1981; Hamano et al., 1988) .
Analyses on the morphology of the MTN in the alligator, human being and rat revealed that the outline shape of the MTN at transverse sections was irregular in the alligator, oval in the human being and nearly circular in the rat. The length and volume of the MTN were the longest and largest in the human being, and were the shortest and smallest in the rat. As for the neuronal areas in the MTN, they were the largest in the alligator, and the smallest in the rat.
The circularity ratio indicates the shape of neuronal cell bodies, with a ratio of 1.0 for a perfect circle. From the results we noticed that most of the neurons were nearly circular in shape in the rat (CR 0.81), but were multipolar in the human being and alligator (CR 0.40 and CR 0.66). The numbers of neurons in the MTN were in the order of: the human being, the rat and the alligator. We may deduce from these results that different kinds of animals have different columnar shapes of the MTN. We can therefore presume that there is a correlation between the size of motor neurons and the jaw size, mastication manner and chewing muscle power. The pattern of jaw movements varies with morphological differentiation of the masticatory muscles (Kubota et al., 1974) . Consequently, the arrangement, number, size or shape of the neurons contained in the MTN supplying masticatory muscles may also vary, depending on the animal considered.
It has been reported that the orocaudal columnar length of the MTN was 4 mm in human beings (Olszewski & Baxter, 1982) , and 0.9 mm in rat (Palkovits & Brownstein, 1988) . Such data are compatible with ours (3.6 mm in the human being, 0.93 mm in the rat). Blinkov and Glezer (1968) showed that the neuronal population of the human MTN ranged from 10,340 to 22,270. Our own figure of 15,304 is within this range. The small differences may be due to histology preparation methods, counting methods or the numbers of subject.
The neuronal cell arrangement of the human MTN is quite different from that of the rat or the alligator. This may be due to the comparatively higher nerve innervation ratios (500-1,200) of the masticator muscles in the human being (Weijs et al., 1993) . The MTN of various mammals is situated in the dorsolateral part at the middle level of the pons. It migrates away from the ventricle and takes up a position at the lateral part of the tegmentum. This migration is believed to be due to the influence of impulses from the sensory trigeminal nuclei, especially from the upper two-thirds of the sensory grey, which receives sensory fibres from the maxillary and mandibular roots of the trigeminal nerve, peripherally supplying the jaw and mouth regions. The ventral shifting of the MTN appears to be most marked in those forms in which the jaw muscles are developed especially well. The MTN of the human being has a relatively dorsal position, not far from the floor of the ventricle (Ariens Kappers et al., 1967) .
It is well known that the structures and functions are well connected with each other, and as the central nervous system supplements with the end organs controlled, so does the MTN with the masticatory muscles. According to Ariens Kappers et al. (1967) , a good example is an echidna that has a larger facial centre than any other mammal. This is undoubtedly due to the wide distribution of nerve fibres in association with the enormous development of the musculature. It has been observed that this great development of the facial nerve is in direct contrast to the limited development of the MTN in these forms, in which there is only slight development of the masticatory musculature, because it has no teeth and does not chew food, which resulted in the small MTN. In monotremes, the MTN is relatively small since there is a marked atrophy of musculature, especially of the masseter and temporal muscles innervated by the trigeminal nerve. On the contrary, the MTN attains its greatest size in carnivores, particularly in phoca and canis, and it is also very well developed in the horse (Ariens Kappers et al., 1967) .
In our study, we found a difference in the position of the MTN between the alligator on the one hand, and the human being and the rat on the other. The position of the MTN was near the fourth ventricle in the alligator, but in the mid-lateral part of the pontine tegmentum in the rat and the human being. One explanation could be that the MTN changed its position according to biological evolution.
Our study, the first to be conducted from a morphometric view point, also revealed differences in the shape and size of the MTN between the alligator, the human being and the rat. We consider that these differences may be due to the different morphology of the masticatory muscles induced by the different sizes of the jaw and jaw muscles. The alligator is a violent reptile animal, and has a big jaw with seven bundles of tendinous structures (Shimada et al., 1993 ) which are completely different from those of mammals. These structure reflect the kinetic forces of the stretch applied to each tendon by the muscle during jaw movements. For example, a very large neuron in the alligator may control powerful muscle fibres. In mammals, the chewing movements are different from one species to another since the eating mechanisms are obviously different: e.g. the rat shows forward-backward jaw movements, the human being exhibits both cutting movements and lateral or grinding jaw movements (Tal, 1980) . Such fine differences of jaw movements may be controlled by the MTN under the influence of the cerebellar connections and the delicate neuromuscular mechanism (Kubota et al., 1974) .
There has been a lot of literature on the relationship between jaw movements and the masticatory muscles. For example, morphologically different muscles may have different numbers of muscle spindles (Kubota et al., 1979) . There are no data available on the relationship between the shape or number of the MTN neurons and the size of jaws. As reported by Kubota et al. (1979) , the number of muscle spindles reflects the power of muscles. In their study on the muscle-spindle counts, the lateral pterygoid muscle contained between 1 and 184 muscle spindles in man, and between 8 and 34 in the rat. However, the spindle counts for the masseter, temporalis and medial pterygoid muscles in the human being were 160, 217 and 155, while those for the same three muscles in the rat wre 136, 46 and 16, respectively (Rakhawy et al., 1971 ).
In our study, the area of the MTN neurons was larger in the human being than in the rat. This is compatible with the data given by Rakhawy et al. (1971) . Although no information about the muscle spindles of the jaw muscles in the alligator is available, it is obvious that the power of the jaw muscles in the alligator is much greater than that in the human being or the rat. We may conclude that the neuronal size reflects the power of muscles at least as far as the MTN and the masticatory muscles are concerned.
It is said that in almost all mammals, especially the higher mammals, the MTN can be differentiated from that of birds or reptiles through the presence of a relatively larger number of small and middle-sized cells which surround the nucleus and are strewn throughout it (Ariens Kappers et al., 1967) . In our study, the MTN neurons were classified into three groups according to cell size: large, medium and small. The distribution is as follows respectively: 14.8%, 40.6% and 44.6% in the alligator, 7.02%, 65.72% and 27.26% in the human being, and 11%, 63.1%© and 25.9%© in the rat (Table 3 ). This result implies that the number of large neurons deminished while the medium neurons took a more important role, during the phylogenetic development of the animal.
It has been reported that the neuropil index increased during the development of human brain nuclei such as MTN (Hamano et al., 1988) , hypoglossal nucleus (Nara et al., 1989) , nucleus of the vagus nerve (Nara et al., 1991) , ventral cochlear nucleus (Nara et al., 1993) and medial superior olivary nucleus (Nara et al., 1994) . The increase of NI values indicates a maturation of the neurons, and also implies that the interpositioned matrix increased in size. The fact that the value of NI is in the order of alligator, human being, and rat, seems to indicate that the size of the neuropil and that of the neuron are closely connected.
Although some researchers (Tal, 1980 ) have suggested that the topographic distribution of motor neurons in the MTN does not reflect differences in motor patterns, we think that chewing behavioral differences are reflected in morphologic differences of the jaw muscles, skeletal structures and teeth, and that the different motor patterns of chewing do influence the distribution, shape and size of the central motor neurons. 
